atients in whom acute kidney injury (AKI) develops while in the ICU have increased risks of death in the ICU, in the hospital, and in the short term. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] This increased risk has been found to be proportional to the stage of AKI. [1] [2] [3] 6 However, most studies that have linked AKI to mortality have examined in-hospital mortality but not long-term outcomes.
hemodialysis], "RRT") in text notes on the day of admission. We screened these patients' written admission notes and excluded those confi rmed to have ESRD. Finally, we manually screened all the notes of patients who received RRT during ICU admission and excluded those who had ESRD.
From this group of 15,048 patients, we excluded 2,649 who did not survive 60 days from ICU admission. Thus, the analysis focused on 60-day survivors ( Fig 1 ) .
Defi nition of AKI
We classifi ed patients into non-AKI and three AKI classes accord ing the AKIN criteria (ie, AKIN 1, AKIN 2, AKIN 3). 14, 15 AKIN class was determined by serum creatinine measurements from laboratory reports and urine output measurements recorded at least every 2 h during the patient's ICU stay. The observed time periods to detect creatinine elevation were divided to 48-h blocks. By AKIN classifi cation (which is based on RIFLE classifi cation), 14 creatinine elevation should be calculated relative to baseline creatinine level. To calculate the creatinine d , we compared the highest creatinine rise to the lowest creatinine level during hospitalization. This approach was used previously when the AKI classifi cations were defi ned. 2,11,16,,24 The most severe AKI stage was recorded for every patient. We also calculated the AKIN stage from the fi rst creatinine level on ICU admission. Furthermore, we calculated the estimated glomerular fi ltration rate (eGFR) on ICU discharge (Modifi cation of Diet in Renal Disease [MDRD] equation). 25 The study population was divided into fi ve groups based on eGFR according to the chronic kidney disease (CKD) classifi cation 26 (group 1, eGFR . 90 mL/min/1.73 m 2 ; group 5, eGFR , 15 mL/min/1.73 m 2 ).
Outcome Measures
The primary outcome measures were all-cause mortality within 1 and 2 years from ICU admission stratifi ed by AKIN level (based on the peak creatinine level during the admission) among all patients admitted to the ICU and among 60-day survivors. Secondary outcomes were all-cause mortality within 60 days from ICU admission stratifi ed by AKIN level and 2-year mortality risk among ICU survivors stratifi ed by (1) AKIN level defi ned by the admission creatinine level, (2) eGFR on ICU discharge, and (3) presence of CKD.
Statistical Analysis
All data were extracted from the MIMIC-II database (version 2.5). The extracted data included baseline characteristics (age, sex, Elixhauser score), unit of admission, use of RRT, use of mechanical ventilation and vasopressors, laboratory results (ie, serum creatinine level), urine output measurements, ICD-9 codes, and 2-year survival. Acuity level on admission was assessed with the Simplifi ed Acute Physiology Score (SAPS) 27 and Sequential Organ Failure Assessment (SOFA). 28 Both were calculated on admission day 1. Date of death was found and matched from Social Security death records as well as from hospital records.
The preferred method of analysis for continuous variables was parametric. Nonparametric procedures were used only if parametric assumptions could not be satisfi ed, even after data transformation attempts. Parametric model assumptions were assessed by normal plot or Shapiro-Wilks statistics for verifi cation of normality and Levene test for verifi cation of homogeneity of variances. Categorical variables were tested with Pearson x 2 test for contingency tables or Fisher exact test, as appropriate. KaplanMeier survival curves were plotted for the survival analysis stratifi ed by AKI level and in patients with AKIN 3 stratifi ed by RRT. Kaplan-Meier mortality rates were calculated for 1 and 2 years of follow-up. and including renal replacement therapy (RRT) data. 14 Several large studies have been performed to validate the new AKIN classifi cation. 1, 2, 15, 16 Some suggested that the risk, injury, failure, loss, end-stage renal disease (RIFLE) and AKIN criteria correlate with mortality risk. 1,2,6,13,14 Ostermann et al 2 as well as Mandelbaum et al 1 found that although AKIN 3 criteria were a strong predictor for in-ICU mortality, AKIN 1 and AKIN 2 criteria had the same in-ICU mortality risk.
Relatively few studies examined the association between the severity of AKI and long-term outcomes. These studies showed that severe AKI that requires dialysis as well as AKI that does not require dialysis were associated with increased long-term mortality, [17] [18] [19] [20] [21] but they did not use a validated AKI classifi cation system (eg, AKIN, RIFLE). Lafrance and Miller 22 classifi ed AKI by the AKIN criteria and found that long-term mortality risk was highest among the most severe cases of AKI.
The aim of the current study was to explore the effects of the severity of AKI in the ICU on long-term mortality among patients who survived their initial ICU encounter. To do so, we used an existing, prospectively collected, electronic repository of highly detailed patient data. The MIMIC-II database includes physiologic information from bedside monitors; records of all laboratory values; admission records; discharge summaries; International Classifi cation of Diseases, Ninth Revision (ICD-9), codes; general demographic data; and long-term mortality data derived from the Social Security Administration master fi le of deaths. A further description of the database is available at http://mimic.physionet.org.
Materials and Methods

The Multiparameter Intelligent Monitoring in Intensive
Assembly of the Cohort
We examined medical records of patients aged Ն 15 years who survived an ICU admission of . 24 h. Patients were excluded if they had an ICD-9 code for end-stage renal disease (ESRD). Additionally, patients who underwent RRT on the day of admission or who had a fi rst-recorded serum creatinine level of . 4 mg/dL were suspected to have ESRD. Because the MIMIC-II database did not have a specifi c coding system for RRT, patients were considered to have undergone RRT if they had the words "end-stage renal disease" or "dialysis" (or equivalent, ie, "CVVH" [continuous venovenous hemofi ltration], "CVVHD" [continuous venovenous lar ICU (31.7% of all patients with AKIN 1 and 34.4% of all patients with AKIN 2), whereas most patients with AKIN 3 were admitted to the medical ICU (51.8%). Table 2 presents patient hospitalization characteristics. Severity of illness on admission (SAPS I score) and the comorbidity index (Elixhauser score) increased from no AKI (11.76 and 3.08 points, respectively) to AKIN 3 (16.36 and 8.94 points, respectively). The prevalence of preexisting congestive heart failure, dia betes mellitus with complications, cardiac arrhythmias, valvular heart disease, COPD, liver failure, and IV drug abuse increased with the degree of renal failure, whereas the prevalence of hypertension decreased. The leading diagnoses on ICU admission for patients with AKIN 3 were exacerbation of congestive heart failure (40.4%), sepsis (36.0%), and pneumonia (39.4%). For AKIN 1, AKIN 2, and no AKI, the most prevalent diagnoses on admission were coronary artery diseases and congestive heart failure. One hundred seventynine patients (33.5%) with AKIN 3 needed RRT. The Logistic regression models were used to assess the adjusted 60-day mortality risk. Cox proportional regression was used as a multivariate analysis for the prediction of 2-year mortality. The following variables were included in the model: sex, SAPS, Elixhauser score, 29, 30 use of mechanical ventilation and vasopressors, sepsis, congestive heart failure, and malignancy. Parsimonious models were reported. All statistical tests and CIs, as appropriate, were performed at a 5 0.05 (two sided). All P values reported were rounded to three decimal places. The data were analyzed with SPSS (IBM) software.
Results
There were 15,048 patients aged . 15 years who were admitted to the ICU with no ESRD. Of these patients, 12,399 (82.4%) survived 60 days from ICU admission ( Fig 1 ) ; 5,663 (45.7%) had no AKI during their ICU stay; and AKIN 1, AKIN 2, and AKIN 3 developed in 4,589 (37.0%), 1,613 (13.0%), and 534 (4.3%), respectively. Table 1 shows the patient baseline characteristics. Patients with less severe AKI tended to have been hospitalized in the cardiovascu- during their ICU admission and patients with AKIN 3 who did not require RRT ( Fig 3 ) . Patients in whom AKIN 1 and AKIN 2 developed had the same 2-year mortality risk (HR, 1.26 and 1.28, respectively, compared with no AKI; P , .001). After adjusting for CKD at baseline, AKIN 1 to AKIN 3 were still independently associated with higher 2-year mortality (HR, 1.12, 1.19, and 1.24, respectively, compared with no AKI; P , .05 for all). For each point increase in the Elixhauser comorbidity score, there was an 8% increase in mortality risk ( P , .001). SAPS I showed a 2% increased mortality risk per point ( P , .001).
Secondary Outcomes
The adjusted 60-day mortality rate was associated with the severity of AKI as well. Patients in whom AKIN 3 developed had an 85% higher adjusted mortality rate at 60 days from ICU admission compared with the no-AKI group ( P , .001) ( Table 4 ) . In ICU survivors, the level of eGFR on ICU discharge showed a strong association with mortality rate at 2 years. For the decrease in one eGFR class (from 5 [lowest eGFR] to 1 [normal eGFR] calculated with the MDRD equation), there was a 47% decrease in 2-year mortality risk ( P , .001). CKD at baseline was found to be an independent risk factor for mortality 2 years after ICU survival (HR, 1.19; P , .001). However, in the same group of ICU survivors, AKIN levels difference in the need for mechanical ventilation and vasopressor support was not clinically signifi cant between AKIN 2 and AKIN 3.
Primary Outcome
Two years from ICU admission, Kaplan-Meier mortality rates for patients with no AKI, AKIN 1, AKIN 2, and AKIN 3 were 21.4% (95% CI, 20.5%-23.8%), 34.3% (95% CI, 33.2%-35.5%), 37.8% (95% CI, 35.7%-40.0%%), and 57.5% (95% CI, 55.4%-62.1%), respectively. After adjustment for sex, SAPS and Elixhauser scores, use of mechanical ventilation and vasopressors, and admission diagnosis, Cox regression analysis showed an association between 2-year mortality risk from ICU admission and AKI severity (hazard ratios [HRs], 1.19, 1.17, and 1.53 for AKIN 1-3 respectively; P , .001 for all). Table 3 and Figure 2 show 2-year mortality risk and 2-year survival curves among ICU survivors, respectively, both stratifi ed by AKIN class and adjusted for baseline and clinical characteristics. For 60-day survivors, 1-and 2-year mortality rates increased signifi cantly with AKIN level ( Table 2 ) . Patients in whom AKIN 3 developed and who survived 60 days after admission had a 61% higher adjusted mortality risk 2 years from ICU admission than those in whom AKI did not develop ( P , .001). A similar 2-year survival time was found among patients who required RRT charge mortality has been mainly evaluated in patients with severe AKI that required RRT. 19, 20, 31, 32 These studies found a strong association between the need for RRT during ICU admission and both in-hospital mortality and long-term mortality risk. The present based on the admission creatinine level and adjusted for the baseline characteristics were not associated with the long-term mortality ( Table 5 ) .
Discussion
The fi ndings suggest that development of AKI during a stay in the ICU is a signifi cant independent mortality risk factor not only for the short term but also for patients who survive their episode of critical illness. AKI remains associated with ongoing, substantial risks of mortality for at least 2 years after the ICU stay. Lower eGFR levels on ICU discharge and CKD were both associated with long-term mortality as well.
This ongoing decrement in survival has important individual and public health consequences. Moreover, it suggests that prevention of AKI could translate to increased long-term survival in critically ill patients, which is particularly true for those who meet AKIN 3 criteria.
Numerous studies linking the severity of AKI to mortality risk have focused on in-hospital mortality and did not address long-term outcomes. [1] [2] [3] 6, 15, 16 Postdis- Patients with CKD at baseline had a 19% higher adjusted mortality rate 2 years from ICU admission. We also showed that eGFR level on ICU discharge fi ndings for AKIN 3 criteria are consistent with the reported fi ndings. We found 1-and 2-year survival rates of 77.5% and 68%, respectively, for patients with AKIN 3 who survived 60 days from ICU admission. Compared with patients without AKI and after adjustment for baseline characteristics and severity for disease, AKIN 3 survivors had a 61% higher mortality rate 2 years from admission ( Table 3 ) .
To our knowledge, the present study is one of the fi rst to assess the association between the degree of AKI, on the basis of both creatinine level and urine output, and long-term mortality risk among ICU survivors. Previous meta-analyses as well as retrospective studies looked at the degree of AKI during ICU admission and the association with long-term outcomes, 17, 18, 22, 32, 33 but only a few of these studies used the newer AKI criteria (RIFLE or AKIN). 22 This may explain the heterogeneity of the fi ndings. Bagshaw et al 19 used serum creatinine level during ICU admission without using the new AKI criteria and found significantly greater case fatality rates for any degree of kidney dysfunction, but there was no difference in the mortality rate 1 year from ICU admission for those who had elevated creatinine levels between 1.7 and 3.4 mg/dL compared with those with levels . 3.4 mg/dL. Ishani et al 33 followed 29,338 patients postcardiac surgery and defi ned AKI by the magnitude of creatinine level increase from preoperation to peak level after surgery. They found that even a mild increase in creatinine level after cardiac surgery is associated with an increase in mortality. This trend persisted for 5 years mechanisms include the risks of the secondary complications, such as fl uid overload, [51] [52] [53] infl ammation, [54] [55] [56] acidosis, 57, 58 electrolyte abnormalities, 57, 59 infections and inadequate antimicrobial therapy, 60, 61 and inadequate metabolic and nutritional support. 62 However, without showing that the decrease in AKI incidence is associated with the mortality benefi t, the possibility of AKI being a marker rather than a cause of clinical deterioration cannot be excluded.
Finally, we found that patients who received RRT during ICU admission had the same long-term survival as patients with AKIN 3 who did not receive RRT ( Fig 3 ) . This fi nding may imply that kidney injury per se and not the intervention itself (RRT) is the actual factor associated with mortality. Further stud ies are needed to better understand the pathogenesis and mechanism of kidney injury and its effect on outcome.
The study has several strengths. First, it used a large, comprehensive cohort of . 19,000 ICU patients. Second, the data are from an accurate, validated urine output assessment, which allowed us to evaluate the prognosis associated with the AKIN criteria in a more robust way than used in previous studies that used only creatinine measurements. 63 On the basis of a recent study published by our group that showed that both urine output-and creatinine-based defi nitions of AKI perform accurately in predicting mortality risk, 64 we defi ned AKI by the worst one of these two criteria. Finally, accurate follow-up to 2 years after discharge allowed us to examine the long-term consequences of AKI.
The study has a number of limitations as well. First, we did not have the true baseline creatinine levels and used the lowest value for the hospital admission. A number of studies demonstrated the inaccuracy of other commonly used methods for the calculation of baseline serum creatinine level (ie, MDRD equation), especially in patients with pre-AKI-reduced glomerular fi ltration rate. 65, 66 The AKIN classifi cation is based on the RIFLE classifi cation, 14 which was validated by using the lowest creatinine level during admission as the baseline when the real baseline was unknown. 2, 11, 16, 24 Second, the MIMIC-II database contains data from a period of 7 years (2001-2007), during which there were changes in management of critically ill patients and, therefore, possibly in patient outcome. Third, we did not have the data on patients who were RRT dependent on discharge. Finally, although the study included the data from . 19,000 patients and had strong statistical power, it was still a retrospective analysis and a single-center design with their characteristic limitations.
Conclusions
Even among patients who survive an episode of critical illness, AKI remains associated with ongoing, had a strong negative association with long-term mortality. One class of improvement in eGFR was associated with an almost 50% decrease in the mortality risk. This association was demonstrated previously among patients with cardiovascular diseases and postsurgery. [34] [35] [36] These studies, in addition to the present study, repeatedly showed that AKI during ICU admission is independently associated with short-and long-term mortality risk. Preventing or reversing AKI may translate to an increased survival rate among critically ill patients. Existing AKI classifi cation schemes rely on serum creatinine level and urine output and practically use kidney function as a surrogate for kidney injury. Unfortunately, serum creatinine rises lag kidney insult. 37, 38 Identifying sensitive, specifi c, and early kidney injury markers has the potential to revolutionize the timing and accuracy of the diagnosis of AKI. Several biomarkers have been proposed and are currently being investigated. 37, [39] [40] [41] [42] [43] [44] It is also possible that the creatinine rise is a marker for the disease severity beyond that captured by clinical scores (SOFA and SAPS). Sicker patients have higher creatinine levels; hence, patients die with AKI rather than because of AKI. However, the current clinical knowledge implies that AKI is an independent contributor to the mortality risk. 4, 6, 16, [45] [46] [47] [48] [49] [50] The proposed substantial risks of mortality for at least 2 years after the ICU stay. This ongoing decrement in survival has important individual and public health consequences. Moreover, it suggests that prevention of AKI could translate to increased long-term survival in critically ill patients, which is particularly true for those who meet AKIN 3 criteria.
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